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Sohamtla tkatah of th« lntarf«roMt«r. 
Int«rr«r«QO« photo of fra« ooaTtotion on a horltontol oyllndnr. 
T««p«rmtur» profll« naar  th« lurfto« of • «olid body. 
T«p«r*tur« fi«ld «rouad • horiiontal plat«. 
Lostriuidlo plot of • tamparKtura profll«. 
Boundary layar on a flat pla'.«, 
Datamination of tha boundary layar thioknaia 
bid «ff«at«  In  tvo-dlnanatO-ial problwu  (laotharna ai-ound a  oornar). 
T«nparatur« rarlatlon aloo- light r-y» n««r th« «nd of a horiiontal 

oylladsr. 
Int«rf«r*oa« photo of a horiiontal oyllad«r with it« axis normal  to 

tha light ray«. 
liotharm« around a Tartloa!  pib'.a« 
Taoparatura profilaa on a Tartloal plat«. 
Taap«ratur« ;roflla on a Yertioal plata in raduoad  «oal«. 
I«oth«rm«  around  tao haatad rartioal plat««. 
I«oth«rm« around a haatad ard an unhsatad Tartloal plata. 
Tanparatura profile« on two heat*4 rartiaal plata«. 
Non-dioanaional haat  traasfar ooaffioiaat an two haatad Tartloal 

plata«. 
T«np«r«tur« profilaa on a haatad and an uahaatad Tartloal plat». 
Valoslty profilaa on two haatad Tartloal plata*. 
Itothama around a horlto->t\l   watad cyllndar in fr«« oonrqotion. 
Looal non-dlBanaional heat -.."inafar ooaffloiant along tha oiroua- 

faranoa of a horltontal eyliadar (daihad Una aooordlaj to 
B. Hanaann). --»..^^ 

Tanparatura proflla on a horltontal oyllndar in raduoad «oala. 
laotharms around a horltontal  oyllndar with «quara oroaa-aaotion. 
Looal non-ila»o«ional hiit traotfar oo«fflol«nt on a horltontal 

oyllndar with «qusro ernii«-«aotlon with a diagonal Tartloal. 
Looal non-dlmantional  hant  tranafar ooaffloiant on a horltontal 

oyllndar with  «quer« oroaa-saotlon with  two tidaa Tartloal. 
laothama around two heritor'.at oyl'ndars. 
Icotharrfi around   thraa sta^garad horltontal oylindan. 
Local non-dinaaslooal  heat  t.-sr.ffar  ootfriolant around  tha  olroum- 

faraoo« of two horltontal  oyllndar«.   (I  lovar oyllndar,   II uppar 
oyllndar). 

Local ncn-dlrmnaional heat  tranifer ooefflelent «round  tha olrou»- 
faranoo of thraa  (ta^farsd horltontal cyllndsr«.     (I  lowest, 
II medium.   III upper  oylinder). 

Iiotherms  In tha  «paoa hatweeo two oonoentrio horltontal  oyllndar«. 
Looal non-dimoaional  haat  tranafar ooafflelent around  tha  olrsua- 

f«r»nea of  two oonoentrio horltontal  ayllndars.   (I  inner, 
II outilde cylinder). 
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STOnvs 0!* mAT THANSKHI IN LAMINAH KIXKK CONVKTIUM «;TII TMK zanoss-MvcH INTWKEROUKTW« 

1.     tntrotiuotloit 

i 

A Zehn(f«r-M«o)\ InttrTtronatar «a«  'oull«: 
In the Pew-r PUnt I.«>vir.-.tory of th« »Ir 
Mikbarlal Conund In Wrljht-F«tt«rsoa Air 
Fore« B>(« for th* purpoi« of Inrsitlgatinf; 
hnat trtmfar,  fluid  flow,  nnd mining pha» 
noovan» ooourrlng In alroraft power plant«. 
Th«  Inatrusant ha«  flait plataa 8  Inohe»  In 
dlanatar and a uiaful  span of }2 Inohas,^ 
Th« praiant paper glTas tha raaulta  of stud- 
laa with thl«  Inatrumnt on hunt  transfar  In 
laminar  fra« acnreotlon.    Thean studlas w«re 
atartad alno« they oould  b» aooompllahad with 
Tery  alaf1« aqulpmaot which oould  be proourad 
with a Blninua delay.    They praianted,   thara- 
for«,   a Tary oonrenlant maana  to ohao^   th« 
aoouraoy of tha Initnimant ar.d to beoiimi» 
familiar with It« u«a.    Apart from thi«, 
howaTar,  there are alto  lunedlat« applloa- 
tlona of fra« oonraotlon heat  traaafar  In 
modera alrortft power plant«,   for  Inatanoe 
•IX  ooolln^ or ln«ulatlnj problema  oonnaoted 
wltn th« handling cf fuel«  for Jet«  and 
rooketa.    In tha ouune of the «tudle« It 
wa»  alio found that raluabla  Information oan 
b«  obtained on turbulenoe,   It«  nature and 
beginning.     Th« r««ult« of »tudle« dealing 
with he,«' tranafer In turbulent free oon- 
veotlco will  be presontad  In a  separat« 
report.    Dau on thermal oonTeotlon flow are 
uaeful alto In und«r«tandlng radial flow 
phenOBMDa whloh are oauaad bj' oentrlfugal 
foroee  In turbo oonpreaion and turbine«. 
This  analogy «111 be lirrattigaUd  la =rra 
detail  In Chapter 9 of thl« report. 

Sena earlier work was done with  the 
lnt«rf«ra«wter In th« field of heat  tranafer. 
R.   B.  Kannard 2 publlahed  In  19}1   tho reaulta 
of «tudle« on free aonreotion haut  transfer 
on a vertloal plat» and a horltontal oyllnder. 
He used  for hi«  «jcperlsant« a Zehnder-Mach 
InterfaroMtar with a field of Tlaw 1  by  }/U 
inohea  In «lie.    A later paper*   describee 
«■■entlally  th« «an« experiment« with  a  few 
additional  testa on two parallel Tertloal 
plate«.    A «hart cot« on th« u«« of th« 
Zehnd«r-Uaoh Interferometer for  the   study 
of  teaiperature fields  In air was published 
by L.  A.  Samda« «nd  8.  K.  Paranjpe U ^In 1956. 
A «lallar referenoe 1« oootalnad  In paper« 
by  0.  Kan«as 5 and H.  Sohardln 6 .     Some 
«xperlaenta,   up  to now unpubllahad,   on a 
vertical plate and a horliontal  cylinder  In 
natural oonrectlon were conducted  by  K.   Oroth 
at Nrl^ht-Patterson Air  Force Base,  who used 
an  Interfaroaietar built by Th.   Zobel. 

2.    jfraluatlon of loterfflr^noe Photo« 

K 

N- 
Pig. l Soheei^tlo  (.katoh of 

th« Interferometer 

Fig.   1  si.owa  a  «ohomatlo  sketch of a 
Zahndar-Uach Interferon«tar.    Monoohroaatla 
light from a mercury lamp A  la siede parallel 
by a len« B.    On th« gla«« plat« C whloh 1« 
oca tad In  auch a way that  It  tranaalt« half 
of tha  light and refleota  th«  other half It 
la dWlded Into two bundle«.    One 1« reflected 
on the mirror D the other one on alrror I and 
both are united again by a «eaood glass plate 
F ceased  In  the  sa^e way as plat« C,    On a 
screen Q behind  th« plat« F thl«  light she» 
Interference phesTuna.    When  th« pittas and 
airror» C  to F are exactly  parallel   then tie field 
on the screen  Is unlfomly dark or bright 
depending on whether  th«  path  length« of tha 
two light  bundlea differ  by an ewen or odd 
nunVr of half wave lengtha   thus  caualng tha 
light waves  of th« two  bundle»  tu be  In phase 
dnd artpliry or  to be out  of phase and extin- 
guish each other.     If,   however,   two of the 
plates are turned  through a  slight angle,   then 
a  succession cf dark and   light   fringes  appears 
on  the  screen C  since the difference of the two 
path lengths varies  from place  to place.     In 
the work ileiorlbed  In thia  report  the first 
adjustment was  used where the plates  are ill 
parallel  to each other.     V/hen   In  this  adjust- 
ment tho  object U to be  Investigated  -- for 
Instand a heated horizontal  cylinder  »llh 
Its  length L In the dlreotlon of the  1'ight 
raya —  la  brought  Into on«  light bundle of 
the Inatruawit as  Indicated   In Fig.  1  than a 
picture can be observed  on   the  screen a«  shown 
In Fig.  2. 
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(5) 

Thli dirr*raao« £   In th« nunb«r of »•»•« o«n 
on th« eth«r hwid Ixt datamln«! fro« th» 
lat<irf«r«no« photo  (FIR.  2).     It la »«»Uy 
io«n thut It «^uali th« miab«r of Intarfertna« 
frlng«« b«tw««n th« p«f«reno« point wh«r« th« 
r«rr«atlon oo«fflel«Bt li *v, «nd th« point 
In quaitlon wh«r« th« rafraotloo aosffloUnt 
1«  r\ , «h«n th« four plattia C to P tr« «d- 
Ju«t«d pnrallal to «noh oth«r.    With th« nura- 
b«r of lntcrf«r«naa  frlngs» aount«d froa «n 
arbitrary rtfarono« point In th« Intarfarano« 
photo« w« can th^rafor« d«t«™ln« by aquation 
(5)  th« dlff«r»no«  In th« optloal rafraotlon 
ooafflolant b«twa«n any point In  th« photo 
and  th« r«f«r«no« point. 

Pig.  2 - Int«rf«r«no« photo of 
fr«« oonTnotlon on a 
horltontal oyllndar 

Around th« «hadow of tha oyllndar,  dark lnt«r~ 
f«r»Qo«  frlngaa appaar In th« flald  which «at 
unlforsly bright bafor«.    Th«»« frlng«« ar« 
oausad by th« faot that th« optloal  rafraotlon 
eo«fflol«nt of th« air ha« ohang««!  In th« 
haatad ton« turroundlnj th« hot eyllnd«r.  Th« 
aiaount of thla ohanc« of th« rafraotlon oo- 
afflolant on any plaoe oan b« d«t«rmln«d  fren 
tha  lnt,«,-f*r«na« photo,    Th« rafraotlon  oo- 
•ffloUnt It by definition th« ratio of tha 
Tsloolty of Ujht In vaouun to th« T«loalty 
in th« ewdlun lnTo«tlf;tt«d or,  «hat  it  «qulr- 
alant,  th« ratio of th« two oorrsaponJlnc w«»« 
langtht. 

Aa an aquation It oan b« written 

(I) 

wh«r« n. I» th« r«fraotloo ooafflolant   Xm 

tha wava Isngth In raouun,  and   X the mio 
laoeth In th« InTaatlgatad madlun.     Now on 
any ray tha nunb«r v  of light war««  In th« 
l«ngth L  of th« lnT«.tlgatad objeot  I« 

V'T (2) 

Th« nuiib«r vr of nw*t In th«  i«n« l«ngth on 
a r«f«reno«  light ray outalda th« h«at«d  tona 

L 
*'-  Tr (3) 

Th«r»for« th« dlff«rsno«  £   In th« number of 
wsT»a on both  ray*  *• 

€.yr-v- L(lr-X) (M 
or ualng  tha rafraotlon oosfriolsnta   Inttsad 
of th« W»T»  l«njth» 

(5) c- ^-(-n^--n.) 

Now thara axlsti a ralatlon batwaan tha 
optloal rafraotlon ooafflolant of a aodlun 
and  It«  tpaolflo walf^it  y   .     Thlt oonnaotlon 
It aooordlng to L.    Loram and R.  A.  Lorantt 

Th« Talua of tha oonatant dapand«  «tiantlally 
only or. tha nature of thr molaoulaa by ahloh 
th« Badlua I« built up but not on  th« phat« 
(liquid or gaiaoua).     Por nlxtur«« It la built 
up addltatlT«ly by  th« Taluaa of th« alngl« 
w«lght ooaponanta •■ long «a th«r« are no 
ohemloal raaotlona betvaan th«™.    Por gatat 
th« valu» of tha refraotlen ooafflolant la 
nearly 1.    V« oaa than «laipllfy «quatloa(6)ln 
T«ry good approximation to 

n.-i 
7 

- c (7) 

wherein C   It a oonatant for any gat within 
reatonable llalt« of pretture and  ta-pirature. 
Th« optical r«fraotlon ooetfloient rV#of dry 
air at 32°? «nd 29.2  inohe« mercury ooluan for 
green light with th« W«T« l«Qgth  i," 0.646/^a 
( I/*. -  '/lOOO ■»^♦** )     whloh ■«• uted In our 
experiment»  It  l.OOOS9}U.1 Thlt give»  for th« 
oonatant  In equation 7  the numerical ralue 
0.003625 ft3/lb or  In  the netrlo »yiten 
0.0002263 ■ ^Ag»     I" humid •lr  th• refraction 
ooefflalent Tarle«  «lightly.    It 0« b« d«- 
t«mla»d from an aquation glTen ty Lorej» 

'nK'n^~ S.S* \0 V      (8) 

wh«r«    nh 1»  th« r«fraotlon ooefflolent for 
hvadd air,   n^   for dry air at the tan« 
t«ip«rature aaTl   th« Tapour pretture In m/m, 
neroury oolioo. 

With equation»  5 and 7  It It pottlblt  to 
oaloulate the dlffsrsno« b«tw««n  th« tpeolflo 
w«lght  y  at any point in  the  Interference 
photo »nd  the  tpeolflo  weight     ^ at a ref- 
erence point,    n« f,«t from   7 

y-^-ftt.-l) 
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With equation 5 this ;;*»«« 

rr-^-ct 

(9) 

(10) 

In th« photo, Pl^. 2, it li oonv»iü»nt to use 
tho  tona outalds th« hettod lnycr «round th« 
tub« as  rafnronc« point.    Gquntlon  (10)  ihow« 
t)iftt tho ohtnc«  In «paolflo wolcht ^t an;- 
point within th« hsatod Uyor la proportloncl 
to th« numbor of Intsrforence  frlnc»» a» 
eountsd from th« outdd« to thli point n« Vmg 
as th« iMDf.th  L of th« light ray In th«  ton« 
of chancod dansity 1« oonstant.    For two • 
diaansional problem invastl;atad in this r«- 
port this is th« oas«,*   On any of tho frln^os 
th« spacifio woicht is th«r«for« oonstant.    In 
fr«« oonraotlon problona th« T«loaitias and 
th«r«for« th« prassur« diff«r«no«s »re so snail 
that thalr influ«no« on tha spooifie wol^ht oan 
b« naglaotad,    Th«  speolflo wolfht ohancos  only 
with taniperatur« and th« intarfarano« frlngaa 
In Pie. 2 ara therafora isothanas.   TTlth tha 
adjustment of th« intarfaroaatar where all 
plates ar? parallel th« iatarferanoa photo 
shows ionadiataly th« liotharma in two-dimen- 
sional oonraotion probleas.    Th« whole field 
of isothame ia contained in on« photo whioh 
oan bo taken with a T«ry short «zposuro tine. 
This ia a eraat advantage of th« intarfsrenoo 
■athod. 

In foroed ooareotlon flow with higher 
Tslocltlos th« pressure a< well as tha tenpera- 
ture varies generally within th« f.ir  strenja. 
Tn this case ehe «raluation of an intarfarenea 
photo givos  only tho  field of the  jpeclflo 
«•Ight and th« aeasurement of a seoond variable 
(pressure  or tenpetature) is  necessary in order 
tq dataraina tha state of tha fluid in any point. 
tUthin tha boundary layers, hov.avor, tha pras- 
svire is with sufficient aocuraoy oonstant on 
nornals  to the  surface on which the boundary 
layer ie built.    On these nornals, therefore^ 
the speoifio wai;ht of tho fluid or gas de- 
pends  only  on temperature and the Interference 
photo glvaa the  temperature field In this  tone. 
This  fact nakes  the  Intorforonet^r especially 
apt  for heat transfer invwst.l^ttlon/i. 

The  tenpen'ture on any of th« Interference 
frlnses   in a  field where th* pressure oan be 
regarded as constant nay be calcalatnd  fron 
equiitlon  (10) and the gas law 

T"'%'7 (U) 

intrcdutilng  y   fron (10) Into  this  equntlon 
givos • 

' "TTV.(I- sacp '»■ A.«   {12) 

with   rp tho absolute tempnr«tura and ^ the 
spauifio weight on the reference  point   (out- 
side  the heated layer).    The  aaaond  suimand 
in the dencnlnatir is usually simll «xs com- 
pared with   I    •    Therefore,  it   is more conven- 
ient to convert tho  fraction Into t» series 

Tho  toirtperakure difference 4 I" T'T^tlma  becomos 

With this equ/itlon  bh«  tenportturc   fields  In the 
present  report ware calculated.    Actually  It «as 
only necessar,'  to  use the  first  two or three 
sucruads  of tho  series.    The oonstants used »arei 

-J i^1 
XtrQ.'S46\*\Qfnr*C-0.0<Ute52£.   rha 

length L   of the invastlgsted ohjeota «as appro- 
xlnatoly 12  inoh.    All  studies ware dona  in air 
with a  teaperature T^ near I0*F" SfOV and at 
nonaal  barometric pressure.    Th«  number C   of 
fringes VAS counted in the  Intarfarano«  photo, 

Tha most  important value  for  heat  transfer 
calculations  is the heat transfer ooafflolent. 
Th«  looal film heat transfer coafflctant  K   on 
th«  surface of a solid body oan b« drtsrmlned 
from the  Interference photo in th«  following 
way.    According to th« definition of this co- 
efficient  it  is  connected with th«  hect   flow CL 
through the eurfsoe permit are« and a charac- 
teristic tempemture dlffereno« ^T whioh has to 
b« agreed to  for every problem by tha  equation 

-hziT (15) 

On the other hand  it  follows  from the  faut  that 
tha air  in the  imediata neighborhood of the 
solid  surfaie.is at rest relative  to  this  sur- 
face and  the heat  Is tranaported by conduction 
through this air  layer that 

<> - M^), (16) 

where kw I«  th« hoat  ccnductlvlty  of the air at 
the wall  tonpomtura and V    is  tha direction 
normal to tho surface or (J/iLy)w the t«p»pera- 
turo gradlfint \<ithln tha air oc tho   surface. 
It is  idvantngoou« to build a dinonslonloss ex- 
pression vrtth tJt"  film heat  tranafor ooeffIclont, 
tha llussalt  muiNrr 

«It  Is   scm«tUaa difficult  for actual tests  to  fulfill  this oonditlon,    Th« Bout  suction  deals  rlth 
this prohlen In detail. 
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Nu - (17) 

XI   la »  ol*r»ntorl8tln dlmnn.ilon  (Top  tho  nlr- 
oul»r cyllndoi* the dlacioter).    It  l« a  qimstlon 
»Uli  open toa»y »t whlnh t«inpor»tiiro  thn  oon- 
dufitlrlty  k  of tho »lr ihould b«  int-.roduosd 
Into thla  «xpraialon.    Provloui  Invnttlf.utort 
uaad noshly th«  oonduoklvlt;' ftt will  tonpora- 
tur«  for  Tr«*  oonv^otlon pro>)l*n8,     TP in 
foUnw this iisuf«  then equntlona   (15)  to   (17) 
result  In 

N"-Ä(^). (is) 

The  tomponxturo gr«dlantv /iiy)on the  3urf»co 
o«n be detorr.ilnnJ  from tho tanporntur«   prom«. 

It,  o«n lo  'ion ih'^  tho  ;!iin»»lt rainlT la 
• L-i'l..- thr r tlo 0' two  li:n;:ths of t.hl.^h one 
la  orodoti'nlnrd «1 roforonc« lovth u<«d  for 
tho   tpnnUl prohlon »ihnna»  th"   sroond  sun be 
obiÄir"d frir< thii  tanporntur« »rofll«.    This 
n«lcoa  tho Jotonlr.r.tIon of tha htmt trsnrtfsr 
«oofflftlnnta b;- tho Intorforonotor Tory oon- 
Tonlent. 

Tha »oour«ay of  this method  of datamlnlng 
tho Uujsolt nunber depends on tho Roouraoy 
with whlnh the tnn^unt  o»n be Jrtiwn on the 
tenp«r»ture profile•    On a  surface whoso 
radius Of ourynture   Is not  too  »nRll tho  tem- 
perature profile  Is  nearly a  stralcht  lln» 
innodlstely on tho  surfaco because  the  layer 
adjacent  to the  surfio? boharss  lllc» a  straight 
solid «.all and the  hoat   Is  therefore trans- 
ported h* oonduotlon. 

I 

/iT. 

Kij;.  J  - Tonp»f)-ature prof lie near 
tha  surfaoa of a solid 
body. 

This profile  Is  obtained from the   Interferanoe 
photos by measuring  the distance of the   Uiter- 
ferenoe  frlnces  fron the  surfa:«  on thet  point 
«hare th«  local heat  transfer ooefflolont   Is 
to be determined and  plotting the  tonperaturea 
oaloulated vrtth equation  (lii) ov^r these  dls- 
tanoes.     Tha  subtarw;ent to this profile  denoted 
by J'in Flc. 3 ia 

r- (5fe). (19) 

Introducing  this   Into  equation  (IS) gl'.-' 

Nu-f, (SO) 

Wj. U - Tenporatur« field around 
a horizontal  plat«. 

?lC.  5 - Logarlthnio plot of a 
tenpomture profile. 
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rig. 6 Boundary Ikyer on 
a rut plat*. 

Th» t«ng»rrt c«n b« dravti irtth ■oourmey on suoh 
prof list.    On » aurfaoa with « «Mil ritdlua of 
ounmtura tha  Innarsost «IrUyor baharas  Ilka 
• ayllndrlo»!  »olid Iftyar, «nd It  ia  battar to 
plot tha tamparnturat orar tha  lojurlthn of tha 
dlatanoa  fron tha aurfkna.    Than tha part of 
tha tamparatur« prof!la naar tha aurfaca bo- 
oonaa a  atmlght  lina and parait» in nxaot da- 
tanainatlon of th» taneant.    n?. & ahawa tha 
tanparntura flsld around a Jwrliontal pUta 
and Mc.  5 proaante the tamparatura  prof Ho  on 
a horliontal  Una at tha rieht hand end of this 
plate.    It oan bo  aaan that tha first saran 
polnta of the tanparatura our*« lia on a straight 
lln* and datamlna tSa tarcsnv with aoourac y . 

In foroad oonraotion flow at high Reynolds 
mobars the boundary layers are Tary thin whan 
tha high Raynolda nusbers are obtained by great 
valooltla»  en oomparaiWely smll objeots. 
Than datamlning the tangent beoomss innocurate 
aspaoially In turbulont boundar/ layers where 
the tenparature  profile  Is streicht only within 
the Tory thin lanlnar  sublayer.    In sooe cases 
the heat tronafer oooffiolant oust then be de- 
terrainad In another way.    Pig. 6 ia a  skotoh 
which Indioataa  how the boundary layer develops 
on a  flat  plate.    Whan tha plate is waroar than 
the Qedlm flowing along it then it girej off 
hnat to this meJium,    All tha hoat which tha 
plate  lost  on  its  length x   oust be oontalna^ 
In the  flow which peases the plane  I  -   I  . 
With the aTernge  film hent  transfer coefficient 

h   for thu length   j(   , tne heat flow Q per 
unit  tlae  fron the  saam plute  length 

Ö - Ko< «dT 'jy^TUy (21) 

where   AT    ia  the  tenj nratiir« difference at  t>v» 
distance  y   from the  plate wltliln th» boundary 
layer as conparcd with the outside undisturl-ed 
flow, V  is  the  veloolty within tha  boundar-/ 

layer at tha plaoa where the tenpemture dlff- 
•ranoa is   -dT ,   y  la tha specifio weight, 

Ck.   is tha spaelflo heat at oonatant pres- 
sure of the flowing madiun, and ^Tm   is tha 
difference In tamporatura between the ««11 
and the undisturbed  flow.    In most  oases  the 
speclfio weight  y   and the  specific  heat C^ 
oan be assvaned constant throughout   the bound- 
try layer.    Solving for K   and oultlplylng 
both aides  of theequatlon by the  Telocity V, 
In the undisturbed flow glres 

fhe dliiuinslonlasa grouping on tht left hand 
tide of the equation la an expreasion well 
<a\own in tha heat transfer field.    It is tha 
St-funotlon as used by Colburn,  or with tha 

dinon^ionlns« values of tha Nusaalt number 
Nu - Dg- , Reynolds nusber "K« — ^gr » 
and Prandtl nisabor Tr m ■%£' >  1*  1« 

-BL _ J ^ JyATdy 5"fc- (23) 

In order to solve this aquation the Telocity 
profile and tha tampamturo profile snist ba 
known.    The latter oan ba obtained froa an in- 
terference photo In tha way daicribad before 
for  free oonvectlon flow.    Tha veloolty profile 
la to ba obtained in another way.    Tha knowl- 
edge  of tha velocity profile Is not  necessary 
«here tha flowing mediimi has a Prandtl sunbar 
equal to one, and tha bubbulant azohaoge co- 
efficient ia equal for heat and nonentum»    In 
this ease the velocity profile la similar to 
the teaperature profile and oan ba derived 
b- tha  equation 

Introduoting this  into aquation  (23)  Isads  to 

I ~' 

fig. 7  - Det.ermlnatlon of the 
boundary layer thlilcmsa 
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In Fie« 7 th«  tamp«r»tur* profll» *•  Ifc  1* ob- 
t»ln«id Cram «n Interfsrtno» photo if ihova a« 
eurr« A.    Uultlplylng «»ah T»1U» ■AT/ST)with 
th» oorroepondlng I -^jTelToi ourr« B.    Th« 
»rs» undar thi«  ounrt it^ha  int«jr»\ In «qu«- 
tlon  (25). 

Thi» i:rt»cr»l h«> ths dlmantion of 4  length. 
Wo amy, tharofor« regard It a« a ii^11^ ^^ ^ounJ' 
• ry  layer thiolotaai and call  It   «c,   .    A  oorras- 
pondlng prooodura with tha raloolty proflla 
lead«  to a boundary layer thlolcne*« whlah la 
known aa  "Impulse thioknaa*'.    It oan ba  aaen 
that tha dlaianalonlaas jrouplng No/f^'R.oan 
•gain be axpraaaad aa tha ratio of two  lan»thf« 
tha thermal boundary layer thlokaeta    a     and 
tha diatanoa maaaurad alonf, tha plata. 

Th* thanaal  boundary layer thiokne««  la 
defined eener«lly by the integralj)^,,    ^Jtydy 
for th* caie where the Prandtl number la one, 
tha turbulent  exchange eo^fflalent  for haat 
and »onantta ar* equal, and no er"   .tixi 
aooeleration«  ooour  in the flo«.   .v  r.-.?i »»• 
tranaformed into    yfyxj,!-*y6>Tm}dy     . 

G*a*a hara a Prandtl nunbar whioh doe» not 
differ auoh froai tha value 1.    for theie media 
therefore the deaorlbeJ method  ahould giT« 
aatlafaotory reaultt on lurfaoa« where no 
atronc aooalerationi or deoalarations of th* 
flow ooour.    Pint it it naciiaary to ohook its 
aoouraoy, howerer. 

3.   Rnd Effaot«. 

In deriving  equations  (10) and  (li..)   't «ai 
assumed  that  the  light ray whlah travels ^long 
the  investigated  objaot  (Pig.  1} psases  through 
•n air  layer of  uniform tanperuturs and  speol- 
fio weight on the whole length L   , and th*t  on 
the mat  of its way the spaoirio weight  of the 
air  is  the  sane as on a corresponding  ray whloh 
has a greater distar.oe  Proa the  investigated 
objaot and does  not  enter  the hatted  tone around 
It.    This nsans   that th« temparaCurs  in the air 
Suddenly  drops   In  ths  two planes  oolnoldlng  with 
ths and  surfaoes   of ths  Investigated object  to 
its outside value.    This  is  the oondltion which 
ahould b«  fulfilled at ^he  invnjtIgatlon of two- 
dinenslonal problems bit  it  is difficult  to 
realize   it  in actual experiments.    TVo methods 
were  used to keep these end effects  maall. 

In pravlou«   inveitlgattona  tho  haa(.«d  ob- 
ject was  put  into  the light  pnth In the wm_,- as 
indicated In Pig.   1.    The end  surfuoos  «hloh 
are nomal to  the   light rays also jive off 
heat  to  ttui  surrounJlrg air »nd  the he'ited  ion« 
--tiie  therwtl  boumlarv layor-of  the air  nlcses 
around  those  end  «urfaos.    Alonf a  light   ray 
near the   surftoe  the air  tsmpernture does  nut 
drop auldanly at  the and surfnee as  It   should 

but deorrased firrtrtually within the boundary 
layer.    This give» an error  in the e»»luation 
of the interference photo whose nftRnitude has 
to be «valuntad.     It was mentioned previously 
that the air in the tone Innediataly at  th* 
aurfftoe of the investigated objaot  is at rest 
and tho tarpfraturo field in thi« tone is th» 
game as oonnsoted with heat  aondutlon in a 
•olid body.    Suoh a tenpor^turo field which 
oan be detormined by oonfonnal mopping   should 
therefore bo a reasonable approximation for 
the real temperature flald within t-he whole 
boundary layer.    Tig. S shows  the isothemj 
around a roctangulur corner detemined by oon- 
formal napping  taken from reference S, 

Fl;. S - End effects in two- 
dixienslonal probleoa 
(iaothorns arouM   o.  romer) 

We will study the  end effect  on a horizontal 
aylindsr in free convoctlon with tha help of 
this figure which nay represent a  oorner be- 
tween ths cylindrical  surface and one  of tha 
end planes of the cylinder.    A  lipht  ray a-« 
tangential to tha cylinder  surface  or a  licht 
ray b-b near to the  surface  (Fig.  8) passes 
through rsgions  with decreasing  temperature 
near tho  corner.    A certain tonpercture  nan b* 
asslgr.od to ar^ of the  isothema  in Fig.  8 by 
the ascamptlon that  la moving above  the  oylln- 
der to a groat distance  from the oornsr  they 
should as;iiiptotlcally coincide  with tho  ter.pon- 
ture profile known for  tno cylinder by measuro- 
cent and calculation  (Fig.   17).     "ow frctn Fig. 
P tho  tenperaturos  can b* detomilr.ed  on any 
light  ray.    Thus tho  temporttura curves  in 
Fig. 9 wore  obtained for  light  ray« at  differ- 
ent dlslunces  fron th« oyltmior wall.    Th* 
tenp^raturos  are  plotted  over  the  dl.itanoe   in 
♦*.(«. from the  end plane   (  9-7^   in   ).     Tho 
ourvos  show hmi the  temporature  decrease* 
gradually near tho  ends  of  the  cylinder  inatesd 
of the  suJdsn Jisnp  in the  end plane.    The  num- 
ber   C  of the  fringes  in th«   Interfsronce  pho- 
tos whlol! is  detemlnad  by  oi]u«tion  (5)  when 
the   spoclflo weight drops   suddenly   is given by 
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- i hr-J> 41       (2-) 

nhan K\M  ipocirio walr.ht  ohr.nc«» crnt,villlly• 
For the purpos« of •3tlr»tltv1 th« «rror b",- end 
• ffact« only tho first lorm In Pqu»tlon (110 
etin ba used with »\if fie lent »coiiropy to tram- 
form this Into 

Cy, \   M (27) 

fig. 9 ■ T»np«rQtur» rarUitlon 
alone Hcht r*y« no*r 
th« «nd of a horliontal 
eyllndar. 

Th» Intofr«! can b« obtalnad for »ny llr.ht ray 
with tha halp of Fig,  9 "^ In thli way tha 
error Introduced by tha aaaumption of a luddaa 
chance In tenparatur« In tha and plane and by 
tha uta of aquation  (10) or  (iL) oaa be deter- 
alned,    Par tho  lenr.th  L -  ll.l|6 Inoh uied In 
the teet» of the horliontal  o-llnder the error 
In detemlaln^ tho  tenparaturei from the  Intor- 
feranca photo  It ♦0.57» for tha light ray touoh- 
liu; tho oyllrulor turfUoa,  O"/, for the ll^ht ray 
\/2 mm. dlttant  from the  eurface, -0.5'« for the 
llfht ray In Iwmidlatanoe and -2.5!» for tho ray 
In 2»am.dltt*noa.    Detomlnlrf. tho boat trans- 
fer ooofflelent  fron tho  slop« of th«  tanpora- 
ture profile Intrnduoaa In thl« exAiipl« an 
error of ♦};'.. 

K quolltatlTo  ploturo  of tho ond of feet t 
ofcn ba obtained  froo an Intyrforonco photo 
whern tho Invottlfut,- 1 obJ«ct  It plaoud «Itli 
Itt axlt normal to the llf.ht  .-ay dlro^tlon. 
Suoh a photo for tho horlr.ontfcl ayllnder It 
thown In fig.  10. 

Pig. 10 - Zntarf•ranee photo of a 
korigontal oyllnder with 
Ita axlt noraal to the 
light raya. 

Another method to reduce and affeota Is to 
put two glaas windows against tha two end 
•urfaoes.    This works tatlsfaotorlly as long 
aa tha glass windows are net heated axcattlre- 
ly by tha InTa^tlgatad objaot.    Raated glatt 
platea dltturb tha Interfaranoa pattern by tha 
Inner tantlon In tha glatt and by tha deforma- 
tion of Itt  surfaoet whloh aoooapanlet tha un- 
equal heating.    Tha heating of tha platet oan 
ba reduced by an Insulation batmen tha heated 
Ir.Teatlgated objeot and tha plate, or by making 
tha thloknet« of tha glast platet at snail at 
potslbla.    A thin glass plate reduce« tha 
Inner tensions In the glass and the effect of 
ttti«  dofnraotlon of the surfaces on the  Inter- 
ference pottom.    Tha Optron laboratory, Day- 
ton, Ohio, suooeoded In aanufa:turlng rlat« 
plutea  of C  Inch«« dlaaater and l/S Inch thlsk- 
net» of suoh quality that only a very tllrht 
ohunge In the Interferane* pattern oould be 
observed whan tha plates war« put Into th« 
light path of the Interferometer.    A local 
heating of these platet changed the Interfer- 
ence pattern only to a degrta which was deemed 
ainlssable  for the purpose of this  Investiga- 
tion.    To decrease the heating a cork layer  of 
approxlnately l/6 Inch thlclciet« r.*t put be- 
tr.wen tho  sr.d  surfaoet of the  InTeot:lasted ob- 
ject and the  glatt plates.    This method of  re- 
ducing the end effects «as used for some of tha 
expdrlmnntt • 

It,     Tha  Ver'.lcal Plate. 

The  tenparature  field and h^ot trantf^r  on 
a  hfiitid  y-irtlcal plate  In natural  convection 
»ä«   lnventlr,»tod very thoroufhl;' eT.-erlcental- 
ly and  by  calculation by R.   Sotnldt,  H.  Beok- 
mann and S.  Phhlhauaen^",    Thl« prolileci there- 
fore   It well   tulted to nluielilrj;  the  accuracy 

■ 
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of th»  lnt«rf»rooi«trio ■•thod for h««t tr«.rn- 
fer «xj^rlnonti.    Interfar»nn« photo« w«r« n»il» 
of » aono«r pl»t« 5 Inoh«« high, 5/32 Inoho« 
thlok    •  »l with •  length U   ' 24 in. In the 
ll^ht  . «y dlrsntioD.    Th« plat« «•» heated on 
t hot plat«.     It«  boat oapanlty was hl^h enough 
tu ''sop It «arm for about on«  quarter of an 
hnu  .    Slnct'  th« who!«  tanparaturo flold «roand 
th« plat«  Is  oonta ln«d  In on« intorfereno« 
photo whloh li talcan with approxlaatsly on« 
hundredth of a  i«nond «xpoaur« tin» tha  slowly 
dooroaalni; t«iap«ratur« of th« plat« do«« not 
affect  tha aoouracy of th« DeasureiiMntt«  Thl«, 
Innldantally,  Is an xdTantag« of th«  Intarfer- 
•no« o«thod.     In th« abor« raantlnnod  Inrestiga- 
tlon th«  t«np«ratur«  flald «a« ne*aured with 
tharmoooupl«« and th« n«*«ur«nent  toolc several 
day».    To keep t'.w  taup«r,atur«  of th« plata and 
th« surrounding, oonatap* during  this tlno «cu 
rather difficult.    Pl^-  H I« •" Interference 
photo,  -howine  th«   isothoma around th« pint«. 

Plr •   11  -  Isothorr.« around a 
7«rtlciil  pla4-«. 

Th« heated  ion« and  *,h«  t.herriftl  boun-iary lajer 
alon^  th« plat«   tan  b«  obaorvod Y»ry clearly. 
On  ^n  Inl'lnltely  thin plnre   th»   IXJM/: ..iry  layer 

begins aooordlng to theory with th« thloknoas 
l«ro on th«  lov.-or «dg« and  Inoteases  propor- 
tional to tho  fourth root of th« distance  fron 
this ed^a.    Tho  finite thlolmoos of th« plate 
is th« r«««on for th« fact that  In Fig.  11  th« 
boundary layer begins with a oartaln thlclcnes* 
on th«   lowar  plate ed^e.    The  tempemtur«  pro- 
filaa on nomols  to th« pUte «urfiee at dif- 
ferent  distano««  from the  lower edje »rero  de- 
termined froo th«  in^.etferonoe photo by the 
method deaorlbed  in 3eotlon 2.    Figure  12  shows 
these  profile«   for a tsnperature  dlffereno« 

^V     of 90°?.  between the  plate and the  air 
at a great distance  (outside  tho  boundary  layer). 

Fig.   12 - Temperature profile« on 
a  »ertloal plate. 

The  teaporature« are plotted orer  the distano« 
y    f'on th«  plat« and th« parameter on th« 

ourvos  is  th«  distano« of tho normal  from th« 
low«r plot«  end.    Suoh temperature prof 11«« 
were datenained also for tempemtur»  differ- 
enoe«       ATW    of 17, ati,  35,  5S.5 and 85.«°?. 

E.  Pihlhauaen^    deduced from the boundary 
layer  eoiutlon«   for free nonTeotlon flow that 
tht tw^piniture  profiles  Ira  dlm«naionle«s 
fom, as  the  ratio  of the  ^onper^ture differ- 
ence    AT  at any point of the  profile  to  the 
temperature difference   ATW  on the wall,  de- 
pend  only on one  dinenslonlos] variable CJ^   , 
»(here   y     's  the  distance fron the plate olf a 
norn»l  to the   surface,   X    the dlstar.oe  of 
noracl  from th«  lo»«r plot« edge and    C 

with    0/   the acceleration of pravlty, 

the   y*ll   temperature,   Tf   the   temperature   of 
th«   »urroundln^ air undisturbed  by th«  plat« 
an-J    V   the  Iclr.-natlo ylscoslty if the  air. 
fly plottln,-   '.he  temperature  rr-tlo -j'/aT^ over 
f'e  value Cy/^"*!!  'h«  tanperat'ire  profiler 
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•hould oonvn  topakhnr  in^o onn ilnf.l« curvo. 
fir, 13 shov.« tuoh a plot. 
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Flc-   13  " T«np«ratur« proflla on 
A wrtlcftl plkto  In rsduoad 
■ oal«. 

Tho constant   C  W&J dotornlr.ad -»Ith th« kino- 
nutlo riscoalty V  »t an avorftg« tsiiport.tiir» of 
IIJ'F".    To b« «xaot  tho rsferBtioe teuiiior^lura 
for th« vlsoosUy chnn;-,«! with th» taipsiRtur« 
dlffersno», «vsn v.'h*n the roon te-.ipenitura  I» 
oonstunt.     But  alnca  v.« do -iCt know yot whloh 
refarnnoo  tanpamtura  1» tf.  Iw usad  (/All ton- 
porature  3r scaao sieon bat».i.«n ■««11  »nd  rocu 
tamparttura) and since th» Influenca of th« 
variation of tha viscosity on tho vnlue   C     1» 
Tory anfell at  the   »noil  tennerQ'uro dirrerem:»!. 
ro»ll:ed  In the ex^erljvnts »  cor.stant value 
il}*!" of the reference tar.in*rfttura vms used. 
It enn bo obaorved that  tho maasursd point« UJ 
olosn toRether on one  curra.    Tha senttarlnf, 
it  sUfhtly f.riatar   In tho outside purt, and 
is prol»bly duo  to a  lll'hk turbul^nna  In tho 
room «hlih  la very dlfflo'ilt  to avoid.    Tho 
•o'.ld  Una  ahowa tho  tenDM-ntura profU»  cnl- 
oulotnd by K.  Pohlhauson1,0 and tho »r;ro«n«nt 
hotten  It »rel  tho nensuramont«  la «reoll'int.   _ 
?or tho uvora^a   film ho«t trmnifar ccofflnlonth 

on a vortlottl plate with the hol^ht    .y 
Iniihui)  In air, E. Sohnldt and Vi.  D^cknu-in 
dorlwd from their exncrlmun1.» tho foraul» 

.,nlO 

(2«) 

whore   AVH   it tho dirrsronci lietT/won 'he nluta 
tontiomture and  tho tunporr.ture of tho outside 
air and b tho br.mtietrln pressure of the air  In 
Inohoa noroury,    Tl\ey found fron tholr oxporl- 
rmnts  tho yulue for tho constant   K   »«a l.Sli. 
Tho ouloulatlon of G. Pohltwuaen^ roTe 1.21 
und our experloanta I.I65 vith a dovlstion of 
i},'* In tho  slncl» neasuronants.    For a  j;e:\orul 
use of hor.t transfer data It is more desirable 
to present tho data in a dlnanalonlass  fora. 
Tho Mussolt mrbor Uu« Sl/k    with a leacth 3 
oharaotot'lstio    for the spooial problem Is jlv- 
•n as a function of other dlfflonslonless vt-rla- 
bloo.    Dlnunsion»! analysis revealj thai  for 
free  oonvaotion thesn indenendont  vnrlablea are 
tho Orashof number Or» jftV^3 V■>• *   with tho 
exponsion eoeffialant   [i   and tha Prandtl num- 
ber i»r- V^t with the therual dlfflsuvlty «. 
For Rases tho ex;Anslon ooofflolont la eo.ual to 
the reoiprooil value of the absolute taapara- 
ture   /$r '  '/T. •    If tho funetlon Is 
reatriotad to air tha Prandtl msabar has a con- 
stant value and tha Orashof matber la the only 
Indapondent variable.    The oaloulatod equation 
for air in this representation la 

with  C - O.LCO from theory, 0,li98 fro« X. 
Sohnldts and 0.1t63 fraB our experiments.    It 
la  known from other Invent lest I on a that this 
equation is «lid for   I04 < G.r < 10        . 
Simninc, up it can be stated that tho eonsist- 
anoy of those intorferoaotrlo Investl^otlons 
on the vertiaAl plats aaong thensalvoa and tho 
acraonent with tho theory is a« £ooi or ev»n 
bettor than tho very oaraful experiments by 
B.   Sohnldt und VT. Boolaarm. 

5.    Two Parallol /ertioal Plates. 

Knowing, tho haat transfer froo «  sinele 
vortlc»! pl'ito it is of Interest to loam 
when and how nuoh It  is  influanoed by walls 
in  the neighborhood.    To study this  problon 
the  tenponiture  field in air at  free  cor.vuc- 
tlon on two parallel vertlo«.!   plates T«S  de- 
tomlnod.    SU.her both of the  plate» »/ere 
heated up to tho iamq tsiiporature or only one 
plate was heated the other beim; »p^rcxinately 
at  tho  sana tamperctura as the surrounding air. 
Only a  few oxporlxt»ntal  results are  found  in 
tho   literature and they do not  solve  th» pro- 
blem generally.    In our oxnerimonts  two  aopper 
plitta» wore usad which had tho  aaci« dlaonslon 
as  the   sine la  jilsia in tha  oxiorlji»orits .n-intlun- 
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ad  In tho  preooedity,  »eatlon.    Th«y -mra h«At«d 
In th«   !»n« »*y.    Th«  Jijt«nre b«tw««n hoth 
pl*te« M\S wirVed   (P.209,  0.2}3,  0.1^26 »nd 
0.600 lnv    fo.   r'•  two  h««t»d  pUt««.    Only on« 
dlitano«   (0.2liö  i.n) w»»   Invsitlratod  for th« 
heated »nd oold plut*.     Tic*'  !'• to  ^ •how ^9 

ter.pornt-ir»  fl*ld »round twn hsAtjd   lUtai »nd 
Fig.   17  pri.sonts  tho   Isothornä urunnd » hofttad 
und a  oold  pUta. 

Plg.   15   -  Iso>he.-ni around'two 
hafcted Tartle»!  pU'.aa. 

M-J.  IU - Iiotharaa  »round tro 
h*«t«d 7artle«l  pUtat, 
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Flg.  16 - Iiothsrat «round two 
hattad vartloal plata«. 

Flj.  17 - Iiothams around a 
heotad and an un- 
haated vartlo&l  plata. 

It can b»  aaan fron the  photos th".t tha bound- 
ary  laycra  start vlth  th«  san« «hap« on tha 
axtarlor and th<t  Intarlor  »Idei of the  platea 
In the vicinity of tha  War plate »d-os.    On 
tha outilda  of the  plate»  the  boundary la/era 
hare  th*  aao-.e shape a»  on a  single plate for 
tha whole plot«  hoi  ht.    On tha  ildss of tha 
plate»,  however,  whloh  faoo eaoh other they 
are  Influenced  nors and nort  by th« presence 
of th« ««oond  pint« as  tha dlstann«  fron the 
lower plate  edge  Increased,    Tha prone»» la 
• lnll«r  to th«  Inflow  Into a  tub« or channel 
batmen two parallel   pianos.     The  Influeno« 
of the  s«oond  plat«  on  th« boundary  layer can 
b«  observed noat olaf.rly  In a  dlaf,raa In whloh 
th«  t«rip«r«tur« profile« at  difference Jlstano^» 

jt     fron  th«  lovi«»r  pl".te elfa i\re  nlotted  orer 
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th»  raUuoad dlnorttonltst dl«t»no«  from '.f>« 
pUt*   (S^/^jTor «hut  Is »(lulTnlont y,/^ ^^   . 

On th« olnfl* vortlcnl pinto thli ploktlnf, 
brli-c» til the t»-ipor»tur« proflloa  tocakhor 
Into ons iln^la Un« a«  shown In Flp.  13. Flj. 
IP  ihowa tha temperitura prorilai with  this 
plottliv;  Tor tvio haatod pl&tas  with two  differ- 
ent  distixncaa    oL   from caoh othar. 

Mr 

40- 

At 

20 

  
O-2440] 

\ 

ife 

" %K" 

C 4J0               | 

^ 
— s.ao 

He. 

12)4 

18 - Tamparatur« profllai on 
two haatad rartioal plate». 

Th«  ourra« and In point» whioh oorreapond to 
h»lf tha dlstanoa baewaan tha  two  plat-«*.     The 
«Uthed ourra is tha ona  into whioh »11  tha 
taaiparttura ourva»  fall  tojethar on tha  outside 
of the pl&ies.    Tha Ormshof mmSora  in tha  flf;- 
ure are built with the Talua    31   as oharaoterls- 
tlo   lanc^h.    It oan be » een that  the  presence 
of the second plata ohanges tha  »h*»pe  of tha 
temperature profile only near the  outside  of 
the  boundary layer a» long »s  the  distance  of 
th«  plates in the reduced scale % Vor 1» 
grout.    The hawt flow froa the  plate  iz  in- 
fluanead by th» »eoond plate only when tha 
tenperature cradient  eh«n»o».    In Kic«   18 this 
la   the case for the two upper-moat  pi-nfll»i«. 
The  roadinc« »t tha other plate  dlstunces ma 
not   inoluded in the diagram becuus«  they would 
oaico  the plot  too crowded«    They wore,  hov/ever, 
used for the »valuation of the heit  trannfer 
ooefflolont»   (Pig.  19).    Th»  loc^l  fila heat 
tran»r«r ooaffiolent  can be dotomlnod  from the 
gradient of tha temperature profiles on  the 
plate iurftce in rig.  18.    In Flf..  19 the vnlue 

/VUT   l, plotted over the dlitanr^a   of  two 
plata»  in th«  reduced  »cAla, 
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Fig.  19 - Hondimensio-.iAl heat transfer 
ooefflolont  on two heatad 
Tertloal  plate». 

/.coordlng to equation (29)  the value  Nu/vGr 
1» constant  for a »insle Tertloal plata in air. 
It is therefore raprasented by a horitontal 
•traight line in Fig.  19.    The readlnc» for 
two parallel plate»   show how the heat flow 
fron tha plates  Is influsnoad whan the dis- 
tance between '.he two plate» daoreases.    Tha 
curve drawn through the jfointa »eaa« to appro- 
ach the isyaptotlo value   .I4O5 whioh is  1CS hi- 
gher than the TalueNl/yörbuSt with the looal 
heat transfor ooeffioieot for the ilngla plat». 
It nay ho  that a »light  oonreotion in the roon 
**s the reason for this dlfferenae.    Oenerally 
tha accuracy of the neaauroaent» on the »iagla 
plate is higher than for the two plates siaoe 
■any norn photo» were «vwluated for the first 
ease.    A llaitlrc di»t»noe  jt-   «here th» Influ- 
ence of the  »eoond plate  begin»  to be felt on 
be deternlned in Flg.  I9.    Of course, there 
exists no  sharply defined value  for it  since 
the  nondlcumslonal  heat  transfer coefficient 
deoreasaa gradually vhen the distance between 
the plates beoooes smaller.    We o*y regard the 
talue1^ V'Gr -    3.5 where  the heat  transfsr 
coefficient  begins  to  deoreaae as the  Uniting 
value.    This give» 

^ 
with ^T„ 

(30) 

(31) 

With this  equation tha   ratio  of the limiting 
length    *,   to  th"  dlstnnre  of th»  two plates 
may be calculated.    It  oan be »»»umed thrt 
equAtlon  (31)  is  valid  botween the  same llal»'« 
as «quutlon   (29)  nnmely,   for  10A< Qf < \Q*    . 
Fig.  20 show«  the  temperature  profllss  on '.wo 
parullel  vnrM-:«!  pluses  of «hlch 7nly one 
pints   Is haute.1.     At  the  dlstnnce of the two 
pla^eri   Invent Ija ted no   Influence  of ths   cold 
plat»  la  felt by the heutud plate In rucsrd to 
th»   he«t   flow,     Whsn   the   dist»r.e»  or  the   two 
plate»  In  «ouUer thin  the  heit  tranrTer on the 

I 

i 
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hot pUt« ii  InofMiod by tha pr*(«na* of th» 
••ooed pUt» «h«r«ft« It 1» d*«r*ki«4 an tao 
hMtad pUtat.   ton pUt« dlit^noa« would hkr* 
to bo laraatleAtod to dttormla« tht Halting 
longth for thli pUto pair, but. It ••«■■ ih»t 
tha vtlua li approzij«taly th« mm» at on tha 
two haata* plato«.    Aa a flrat approxlMtlon 
tha »<jjation  (JO) oan ba u*c,4 alto for thlt 
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Fig. 20 - Taopareturo profllat on a 
haatad and aa unhaatad 
vartioal plata. 

Th»   Taloolty proflla on a tlngla Tartloal 
plata «a« aaaturad by B« Solmldt and H. Baok- 
Btfnn^0»   Tha thapa of thla proflla It thown 
in rig. 21 at tolld Una A. 

Til, 21 - Telooity profllat on t»o 
heated Tartloal platet. 

On two parallel heated platet  the velooUy pro- 
file it ohan^ed at ihown la line C at Icnf at 
the Uniting length la not »»oeeded.    At the 
limiting length tha dittanca of tha plutat  it 
3.5 tLnet th«.  dittano«  of tha reloolty naxi- 
oun from the  pltte  turfaoe.    At  tnall  reducod 
ditttr.c»»  the  thape of the Telocity proPlle 
ohargst gradually to  ounre  B. 

The two  vertical   p\»tet  were   Inventl.(;«t«l 
wlthgut ftlatt  plutea  olosln^  the  n»n betveen 
the two pUto» on both  alJet.    At  first  it 1*1» 
tijp(,08«il »hut  by a  "ohlmney effect"  lower 
pretturei  ^fnjld  build  up  between the  plate» 

an* «uok In air froa both tidei la thlt «ay 
dltturblr^; tha twu-dioantional flow,    newwrwr, 
Intarferanoa photoe of two platet with thalr 
plane« noreal to tha light ray direct ion reveal- 
ad that thlt «at not tha oate within the range 
of plata haljhta and dlttanoat invaotigetad. 

6.    Horitontal Cylindar. 

Teeparatur» prefllaa on a haatad horltontal 
eyllnder at fraa eonreotion in air ware aaaturad 
with thamoalaaanta by different InTattigator«^. 
A ealoulatlon of tha temperttura «ad Telocity 
field around tha horltontal eyllnder «at present- 
ed by R. Hanaaa^*    Zntarfaroottrio ttudlat on 
thla thapa are tharafora useful to chock tha 
aoeuraoy of thla «athod,    A «olid eopper oylin- 
dar with 0,8J6 In dlaaatur and 11,146 inoha« 
length «at« haatad bnfora tha teati.    Itt haat 
■sapaoity «at high enough to keep it hat for tha 
tiÄa needed for the photographt.    Fijs, 2 and 22 
■how tuoh photoa revealing tha  isothonat around 
tha oyllndar«    Treu thate photoa the tamparatura 
gradiente on noroalt to tha cylinder turfaoe and 
tha local film haat trantfar oooffloientt «era 
determined In tha «ay datoribed in Section 2. 

Klg.  22 - Itothona« «round a 
horizontal  hauted 
oylInder in free 
oonvootion. 

Pig, 23  shewt  theje  looul he«t tr»n«rer co- 
effiolentt  plotted u»»r  th* ar.jla as ine*tur«d 
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fr«« • ivrtlMl drum Ihrouch th« aylindar o»n- 
t»r In downtiard diraatlon. 

.• 

• 1 • :&: 4<0M{ 
JtMO 

L * • 
::i»-». '"■--., 
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""■^»s s 
* 

-\ 
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Flg. 23 - Laoal nondljMa«loo«l hatt 
tr»n«f»r oo«ffiolent «long 
th« olrouttf«r«noe of ft 
horiiontal aylln)«r  (d»ih«d 
lia» Aooordlng to S. H«rn*nn), 

for tha darUtlon 1« protebly th» (kot thftt 
th» thlatai««« of th« bouiuUry lky*r lt a««uiMd 
»• MMll o<*>pftr«a with th« oyllndar dUa«Ur 
in th« th»ory,    Tl«t. 2 «nd 22 »ho«   thftt th* 
bouniUry Uy«r« »r» quit« thlok *t th« Inwctl« 
gkt«d Or- nuabar«.   High«r Or- nvBb«r« whioh 
ar« eoiuMotad with thlnn«r boundftry Uy«r« 
•hould giT« «  «till b«tt«r 4(r*«n«nt with 
theory, 
th« fonnila 

Aooordliig to pr«Tieui »»*«ur«m«nti 
ul*    32 !■ »lid for \0*<Gr<\09 

At Or*»ho'f ntnbor« gr»*ter th»n 10 9      th« 
boundary layer baoosta* turbulent.    Por imallar 
vmlua« than ICH   th« thioknat« of tha boundary 
layer it so Rraat that th« boundary layer 
theory aannot ba applied any longer.    The the- 
ory ihcnr« alia that all th« temperature pro- 
file* meaaur*d at different angl** thould fall 
together into a  «Ingle eoa^wn th* leal* for 
the abiciaaa value* 1* reduoed uiing a dic- 
trlbutlon-funotion AiD^glTen by R. Heraann 
whloh i* equal to the ratio of the theoretical 
looal hsat tramfar ooafflalent at tha angle 
investigated to tho thaoretioal kaat tran*f«r 
ooefflclant at tha angle.«- 0   .    Pig. 2li 
•how» tha ratio of th« tanparature difference 
within the boundary layer to tha dlff*r*noe of 
the wll tenpanvtur* to tha outiide air ten- 
per*tur» plotted over thi» raduoad »oale. 

Two interferacoe photee taken with a taaperatur« 
differenos of the oylinder to th« «urrounding 
air of Uj.5 and 93.3°? Mr« amluatad.    Th« 
Oraihof nunber* for both tart eat» ar« reoorded 
la the diagram.   Binoe th« ealoulation of R. 
Hermann «howad that tha valaa Nu/^yOr depend* 
for air within a wide range of Or nvaibar* only 
on tha poaition on tho oylinder oireumfsrenoe 
thi* value ia uaad a* ordlnata in Fig, 23.    The 
property valuec of air ware inaerted  into the 
diaonsionlata Hu and Or aiaibar* at tha oylinder 
aurfaoe t*Bp»r»tura»    The dlagraa also show* 
th« diaanaionlaa* looal fila beat tnuiefer 00- 
efflolont ealoulated thaorartlaally by R. Her- 
mann a* a dached line.    It aay ba obaarved that 
both tha naaaurad and th« oaleulatad vnluea 
agree quite well, the neaeurad pointa lying in 
tha average 10^ above the oaloulatad onaa.    Tha 
aaota i* true for th« avwrage film heat transfer 
on tha oylinder lurfao«.    fron our exparlaanta 
the equation 

— A— 
Nu - 0.401 YGr        (32) 

1*  derived, wharaa* the theory givaa  0.372 for 
the nvmkrioal value.    Doth diäanslonlea« value* 
are built with the oyllnrfnr dlamnior aa otarao- 
teriatio length.    Sinae other aaaaurerientt 
(aiwnarited by R. Hennann^) gave al<o value« 
for th» average flla haat tranafar flonfflolent 
whloh wer» 10^ abov«  the  thaoretioal one «nd 
ainou thi« difforano» oannot  be explained by 
th« uncertainty at whl^h tumpemture the pro- 
perty valuea ahuuld be Introduoed th« reaaon 
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Fig. 2li - Temperature profile on a 
horltontal oyllmUr In 
reduced aoale« 
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It oan ~ oburnd \loa~ all ~h11 III'Uured polnh 
11• ••r.r oloeel~ on a eln~le ourre. The eolld 
OIU"" ln ~he Mr,ure h ttl" 011hula~ed ~...,per-
tw .. proM.lo. All the •••ure-nte lln •~
what ben .. ~h thh eurn. The •- thllll •• 
truA tor the i111pe"-ture prot1lu ae .. ured by 
IC. Jodlbauorl • ll~rhinr, S.t can ~ etated 
that the a,;reeent between the thlory or o. 
U.naa= aud our •••1&1'-nt 1e tood and thl 
•r:re-nt ~tw .. n our 1111&1\U'Wieate and the orwa 
by 1. Jodlbauor 1• exoellont. 

7• ~orlaont&l Cylinder with Square Croet-Seo• 

lli.! 
A horlaontal heated oy11ader wi~h ~re 

oroae-aootlon at rroo ooBTeotion 1111 alr wa• 
lnYutlr.ated in two polltionu with one d1a
sona1 ot the tquaro ftrt1oal or with two dolo 
plln .. 'ftrtioal. fM cl1aead01a8 or the oylln
der were, 0.969 lJl. lqth ot Moh dele or the 
•quare and 11.5 be oylbclor loqth. Tho oyHn
der •• heated lJl the ._ •1 u lJl the prf'Ti• 
ou• ezperiaontl. Pic•• 2S aDcl 26 IIMw the r1elcl 
or hotheru ar~-4 the OJ'l1llder. &1!4 Me•" 27 
ancl 2S protont the looa1 t11a heat ti"&Dahr oo
orrlolenta plotted O'ftl' the oireuaferonoo or tho 
oyllnder. 

Fir;, 25 - hothenu arounf. a 
hori~oQtal c7lind4r 
with e~ro oro••
oeotlon. 

10 

• 
• 
.. 
2 
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nc. 26 - hotheral aroullll a 
borbontal oyl1JI.d11r 
with equaro croet
eeotion. 

c, 4a!OO 11 r. <>· " ~ \ 

L 

~ 
I 

' 
• 

rs.,. 'i!7 - Looal nondimenlioaal 
he&t traner•r ooett1c1eat 
on A horizontal oyllnder 
trlth equare crolt•aect1~ 
with a dta,onal Yert1oal. 

I 

'\ 
I . I, 

' 
I 

I 

1 . 

' I 
I 



» 
> Cr< STMO i» 

• _iL_ aa t 

VJ fc^ i : i 
• 

Nu 

4 

/ ^«f / 
S •"*. 

"l -> 

\- 
1 V 
3 I » 

t 
1 £ IT 

t%   ArrmKixnt« of ITorlionUl CyllndT«. 

HMt •xe>«ii£*rt uttliiLn« tr— oooraotioa 
)Mftt trtuNr «r« oft««» o<Mpo»»d ef horltonUl 
tub*«.    If MM of tha iuba« »r» *rr»nc«4 »bor» 
othort thaj »r« ■utually influaaood la thalr 
hMt traaaftr tlno» tha w»rm air ttrMa rlila« 
fr« th« lowr tuU«.hiti th« uppar ana«.   Ko 
thorough Inrottlotion of thlt probl« It kaown 
to th» author*.   To InTaatl^at» It th» lat»rf«r- 
•ea« ohotos fhown in rixi. 29 and 30 war» taican. 

Pig. 20 - Looal nendlaaiuloaal haat 
traaafar ooafflolank on 
a hsrliontal oylladar with 
•({%»ra orota-aaatlon with 
two tldat T*rtl«al* 

Tha Oraihof ntabcr« ar« addad In both dlacraaa. 
Intaraatlnc ara tha high looal »alua« of tha 
haat  tr»n»f»r eoaffloUnt at tha «d^a«.    Tha 
aTsraga  flla haat tramfar ooafflolant« aara 
datsrminadbjr .pUalaatarlae.   Tha Tmlua for 
thla la   Nu - 5.61 f«r tha position with 
Tartioal dUgoml and   NU ~ 9.0*   for tha 
petition with Tartiaal •t<U.   Ai«>«i.ng that 
tta Huaaalt n^aibar tariai with tha fourth root 
of th* Or«»hof nasbar for thaia oylladan al»o, 
a faot whlah my ba daduoad from tha aoalogr 
to tha horiiontal etrouUr eylindar aad tha 
iwrtloal plata, tha followlag eqi»tiona can ba 
darirad for tha araraga Ruaialt nuabara at fraa 
oonTaotion ia air.    Horitootal sylindor with 
■quara oroff-iaotion ona dlagoeal of which 1* 
wartloal i 

Nu - 3 27" "for (33) 

Horiiontal oylindar with aquara oroia-aaotloa 
two »id«« of which are v»rtlc*li 

Nu - 4.54^- (3U 

Tha Nu and tha Or nimbor tra built »rtth tha 
aid»   lon«th of tha aquare.    Tha  llaviti  of tha 
Oraihof nunbar within which the oquationa ore 
▼alld are not yat kni'wn but probably iiailar 
to  tha  onae  Tor tha oylInder with olroular 
oroe«-aaatlon and th» Tertloal pl«te.    Tha 
uppar  limit »ay ba iomawhat lorior  thßn  for tha 
horltontal olroular oyllnder.    for th» poelticn 
»•1th yartio«!  dlajot^l tha »Tertg» haat  trane- 
far ooorrinlent  la greater, for th<i pooltlun 
»1th rartlaal lliai KÄ.ler,  Wuu w<i « lu/i ttun- 
tal «jyliniUr with ilroiUr crote-s-ctIon of tfio 
■ana dlamofer provided the teuij/am'uree  «re 
almiy»   the   .len^ 
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Fig. 29 - laotharaa around two 
horitcntal o'-lindari. 

The dimension« of tha  oyllndur«  were th«  »ana 
a» th« on« used In tha te»ts denorlbad in 
Soot Ion '>. 
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Wß. 3" " liothem« around thrt« 
•ttggarod horiiontal 
oylInderii 

Th*  dlitrlbut Ion of tha nondlnenslonal   local 
film heat  transfer ooefflolent,  the Nusaxlt 
mriber, oror the elrojivferonoe I« represented 
In Tic  31  for two horlionl»! cylicder« on». 
• boT<i the other.    The Nuiselt niaber Is liullt 
with thu o/llnder diameter.    Tha heat transfer 
on tha  lo-xar o-llnder Is the  tamo as for a 
single horl£on*-al one.     For the upper o/llnder 
however the  heat  transfer ooefflolent  has a 
fwak at  the  plaoo  «here  the warn air  atreaa 
hits  It*   lurf^oe. 

• 
■^ x r    - c» 14300 
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rie, }l - Leoal nnndtnanslonal heat 
transfer oeafriolant around 
tha olroi«feran«a of two 
horliontal aylindars.   (I lower 
oyllndar,  II upper oyllnder). 

There are twv lafluanoat aatlnc 1» oppoalta 
dlreotlonai    tha higher air valooitiea wlthia 
this aani air wake tend to inoraas« tha heat 
flew frosi the surfaoa of tha saoond oylinder, 
tet tha higher air ta<nperaturas there daereasa 
tha cenparuture difference and tend to da- 
orease tha heat transfer.    T>a influaoo« of tha 
higher Taloolty is the stronger  one in tha ra- 
tion of impingement, tha lower temperature 
differenee is tha datarnlning faotor on tha 
• Ides of the oylInder.    Tha areraf.e heat trans- 
far ooefflaii-nt on tha oylinderjurfaoe is 
found by planJ^Bftaring.    It  is Nu   ■ 5«30 for 
the lower and Nu • I4.62 for tha  upper  ofllnder. 
The average heat transfer ooefflolent  on the 
upper cylinder deoreased therefore to £f% of 
the heat  transfer on the  lower one, 

Tha   wan  InTestl/atlon on three horliontal 
oyllndsrs above eaoh other resulted  in tha 
itatenant,  that tha ha».t transfer on  the  seo- 
ond cylinder was  8yA and on  the   third   one tj« 
of the he..t transfer on o   single  oylinler. 

Since tha average heat  tranafor  is decrsised 
when the »mite of another oyl Inder  hits  the  sur- 
face  It  3«n be aonoluJod t>i«t tha effocMriness 
Of a heat  ejtohnnr;er can bo   inoreasod  by stag- 
gering the tubes,    Pit;,  30 shows  the  laoihnrma 
around  the oyllnders  In nuoh «n »rr^ncenent and 
fig, 32 praennts the Kus*«lt nuwlxr in  Its dis- 
tribution around the olrounferenoe of tha three 
oyllmlirs. 

.   i 
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fig. 32 - LOOAI sondLnaniiowl hatb 
trknifar oo»ffjol»nt around 
tha ulrovmf«rano* of thr»a 
•ttff.srsd hurlionUl oylindars. 
(I lowost,  II nedlum,  III uppar 
oyllndor). 

A^aln th« p«kk  In tha heat trenifar  aoafriolsati 
o»n be  oboorrud on both th« niddl« and tha up- 
per oyllndor•     Tha avorcgs heat traatfar 00- 
afflolant  oT  tha middle oyllndor 1s  lOJjJ and tha 
ona on tha uppar oyllndor 377« of tha haat tran«- 
far on tha lot/aat ona.    Tha heat transfer on 
tha loT.-ost cylinder has »giln tha  aana Talua as 
on a  ilncla  horizontal oyllndar.    By tha stag- 
gered arrangeaent the heat  flow on tha olddla 
and the upper  oyllndor« «as  Inorrisad appreol- 
ably as eonpared »Ith the arrsngement of tha 
oyllnder« aboTO  each other. 

9.    Twc  Ccr.oentrlo Cyllndar« 

It   la  well known  that gases are   tha  Inat 
media  for thsrnal  Isolation as lung as  convec- 
tion ourrenta are prerented within  then slnu« 
gases have tha  lowest value of tha haat  oon- 
duotlvity.    An  Isolation aethod utllltes this 
faot by arranging alunlnuj« fills  In oertaln 
dlst»noos around the body to be  luolatod.    Tha 
air layers between these  f„lls keep th«  heat 
losses  down.     The  slnplest  shape of suoh an 
Isolation with ulr layers  la tha   .ipnoj botneen 
two oonnentrlo  oyllndors.    As far as  Is knpwn 
tha  temparnture  field »nd 'he local  lieat trans- 
fer on  ouoH an «nolosad air  spcoe was uausured 
novor bofora«     For this reason interforonoe 
photos   mirii nAiin(aii exajiple  ot whloh   Is   shuxn 
In fir. a. 

Wg. 33 - liothanaa In tha spaaa 
batwaan tno aouoantrla 
hoi-itontal oyllnder«. 

A «olid ooppar eyllndar with 0.882 laohe« dia- 
matar la arranged oonoantrloally within a thlok 
«ailed ooppar tuba «1th 1.89 l»« lanar diameter. 
Tha oyllnder« ara 11.62 inohai long and thalr 
axl« are horliontal.    Tha Inner oyllndar i» 
held oantrally by thre* thin plat on aaoh and. 
Tha  shadow« of tha pla* ara Tillbla in tha 
photo«. Both and« of tha tube «ara elotad by 
glass window« \/ä inah thlok.    Tha lunar oyl- 
lnder «a« brought into tha tuba after balng 
heated and it kept war» lang a&uugh for tt.- 
axparlment«.    Two oork dlia« l/6 la. thlok 
on the oyllnder end« diaialshed tha haat flow 
to  tha windows. 

fiZ' 53 reveal» tha interesting  faot that 
in the anolosed air spaoe boundary layer« build 
up along tha «urfaoa«.    A hot boundary layer 
moves around the Inner cylinder, rise« from 
It« highest point, hit»  tha outer tub« and in 
novliig along it: »virfaee oool» down again. 
Tha heat transfer Is  hl;h on places where tha 
interfaranae line» orowd together  In the vici- 
nity of a  surfsn«  indicating a steep tempera- 
ture cradl'^nt.    On tha  lower «Ida  of tha  Innar 
oyllnder and on tha upper side of tha  outer 
tub« are places of great haat  flow.    On the 
lower aide of the outer tut« tha  haat  transfer 
la very low.    In tha  space  uwt»d*ri tho   two 
boundar/ layers there is » temperature  li.jrease 
in up»«rd direotlon.     It nay be mentioned that 
the  in^orferome'-sr «as edjustod for a  unlfcra 
field «Ithcut Unas r^klnc. tho  fonr l»«'>la 
glass plates pa/r«llel to •sach ether. 

Vr.7 If. 
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34- Local nandlr.lanal.lnal hMt 
tranater oo•ttlo ient art-'.lnd 
the olroumtoreoo• ct two 
ooncon~rlc horl:on~l oyl1ndora. 
(I laaor, A outa1~~ oly1ndor). 

Fit• 34 ,.,_. the local tlla hO"t tranater 
oootr1cionta arCND4 tho 1Mar and tho outer 
IUrt'aoo ot tho rlzlr. ar.aped spa:o, ~~ ca.n t>. 
aeon that tho heat tlow la .Uatrlbutod n~ 
_ .. ty aroW\4 both oyl1nllora. Tho cHaondon
lo .. tlla heat tr&Aetor ooertlolent Hu -• OIZI

putecl with tho to•!'llturo d1tteronco t.11~n 
both oylinder 111;-!'ooe an4 oaoh one with tho 
oorrupond1nt oyllDA!or 41-...tor. Thl OI"CCshot 
mabor i:19oa 1a thu dla.craa _, bull~ with tho 
41...-tor ot thl ..all oylindu. Thoo avorac• 
~••olt nuabor tound by pl&D~terlne 11 l.Go 
tor tho outer ac.cl ,.22 r<:or the '1Mer .lyllndor 
u ... ter. A teat can be e~&c!o tor thl &OOW'CJ7 

or t • -·u~nt. lloclect!..~ hlat louol 
thrOU&h ~h~ 11&11 IM pl&toa t~o h•t flow froa 
thl 1Mor oyl1ndor autt equal the heat flow t, 
the outer tuba or the product conduot1v1ty ot 
the alr at •11 toc:pe!'llturo tbee llu • .adt au:
bor tlaoa dialnotor IOuld ChO the .... ftliM OD 
tho 1nr.or s::d outer wall. Proa the lntortorer.oe 
photo •• t•t tor tho product tho .aluo 16.9 on 
ttw outor and 17.2 on tho 1Mor •11 whl<lh 
•Utter ~ ~. 

10. Cvnvectlon causec! by Coa~rltu~al Fo~coe 

In a.ll the probl~• atudled in tho pro
oeodlnc chapters the aotu•tlct tore• tor the 
LUno::lll'nt ln free conveotlon •= r,rarlty. In 
tarbo •nc1~es c~~~roaaora ar~ turb1noa) and 
ot~r rotutlnG ~·oh1ner/ ;hyll?&l proeoa~e• 
coeur on =one pl~c•a -~1c~ ~r• •~r: ~1m11~r to 
tn. orwe atudhd abov" wit~ thot 'ITC4pt1on thi.Lt 
eentrifu;~al rorcea replace tr.w c,...v1Lc.t1cn&l 
fore•. ;.. .. .,;.;.:;:.;;le h u • ., ~·· tur l lne .,!,th 1 

11 'i••1 1 ooo\!1-i blade• accor<.ii::~ to E. !>e!-.-::~1~ll.. 
Th.t lar! .. a ,.T,, J"'' •Hal 'lj'111"~r 1-:otl h"lou whloh 
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are tlllo.l wlth 111\l.Gr. The layer11 ln tho '"'hr 
a.l,l"o"nt to th11 .,.lh r.r" heM.e<l •n•l the .len•lty 
h dooro••o.l ln thh wny. Tl'lllret'oro 1 l:ho oen
trltur,"l t'orooe 1\re llft&lhr on thue rarUolu 
tMn ln tho oontral :oro whlnh ro~lnt ooolor 
&n•l ln thh way lntnneho oonY .. otlol\ curronte 
are conoratocl wh\llh procluoo a nry &Ood oooll"' 
ettoot. Aleo on tur~lne1 wtth Alrooolad hollow 
blac\oe euoh ourrantl onour and r.•ar partlclpAtl 
Appreolably le th .. ooollnc 11tteot. Ttw rhllloal 
prooo11 1• oxaotly the .. me a1 thl ~n• «•n•ratad 
ln a £C<'I!Iot.rl~~ally elftt ; ar dlo•!ol wlth trM ana• 
wotlon ca•ued by r,l'lln -7 u lone u th• Oruhor 
an4 tho Proandtl n\111\horl t.n the 1111110 'Willuo ln 
both o••••· In thie ~Y tho ooolln£ .treat eaa 
be etudled on a elaple etatlonary model. tn tho 
proooaa whlnh invo\?81 oentrltur,al torcol the 
Oraahot nu.l-.r au•l be 'bul t with the oontrlru
r,al aocelo.-.tlon uy,..c u olrc~n~,re.,tlal n\o
o\ty, ,. dbtaneo l'?o. tha uh ot ruolutloa) 
lnllte&d or ttw r.rav\tatlonal aonolll'lltlon , • 
It h therefore 1 ~ 1 

(U?,-)r,.4Tl 
Gr- & U5l , 

There are other tlow phonnMnA ln turbo •nr.lnoe 
which ar11, lt not ot nactly tho .. _ nature, 
at laaet nrJ alall&r to thon:lll I'?M oonn.,tloa 
prooeuoe. tor tholr W11!or~Ancllrlf: the et.udy 
or tree oonnctlon flow h ttwretore 9ory hllp
ru115. In axial oonproaeor• and turblnoa boumd
ary layore do"nlop on thn bl&cica. On ttw etator 
bladea the olroumtoront1al nloolty and the ooa
trltucal taro•• are 11111h .. nor within ttwae 
boUD.iAry layore ttwn ln the ouh1do tlow. On ttw 
rotor b\6~•• th• ~ppoalto 1• tho oaao. In thie 
wy a J'd~al tl~ arhoa which ~'1 atf•,ot ttw 
attloloncy of the Ofthlftl appreclabl)'o A(.aln a 
Oraahot n~C~bor •r be built •• a oh&!'llct.or1atlo 
ftluo dotor.lllnlat thh !'101". Hero t he n:Ual 
tlow 11 not ;anoratocl by toaporature d1ff8ronce• 
hut by tho oontrltu,al tore•• 1=m•dl~toly. 
Theror"r!.h th8 ttw,..l buoyancy tore" (po:- 'Unit 
yol~ae) 11 .. .-sT ,..lch h roapvnllble ror tho 
ther.al tree oonveotlcn t'low 1a to be repl•?J~ 
by th. ooat.rifut:al to!"c4 per unit volu- fu~. 
In thll -r the G"'shot nuabor l.eo"llll' 

u.£~' 
Gr • ,..,a (}6) 

Sinoo ln applyint trA dUr.enslonal aoalya1• which 
leada to tho dtm.n•lonl••• oharacteri1tio n~bera 
( G.r- ) it h at•r• nocouar.1 to consider r;eo
•tr1cally alaallar arranr;emants, one lan;;th (e) 
011\ be replaced by any oth4r ( 1"" ) in tho char
actorlet1o ftluu. So tho Graahof num~r IIIAY be 
wr1thn 1n the rem 

In this form it bocv=en obviou ~ thAt baaic~lly 
th4 Cra.shot' ni.Qbctr h .a.othil"~ .,1s. th&ln the 
'quo.re ot' a R4;rnol~a n•ant.or. 
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llomi tr*njfer  In thoi-sial Trs« oonmatlon of 
air ««•  invostlf-tttad with tho halp of * ZuhnJur- 
lUoh Intarrercnotar  on bcdie«  with dlTfarant 
•hap«!.    All form« h«d in oosmon that th« on- 
rvatlon flow sat  up KKI  two-Ulnorulonai,    Tha/ 
«•rai    ft rarlloal plat«, two p*r»ll»l rartioal 
plat»« — both or only ono haatod, horltontal 
oylindori with oiroular And tquara oroaa-ioa- 
tlon, arntn^enenti of two and thre« horiiontal 
oylindsr«, und an air apaoa anoloiad batwaan 
trro horltontal oonoantrlo oylindori,    Tha iln- 
gla horiiontal oylindar and tha Tartloal plato 
in fraa oonTsotion wara thoroughly InTasti^atad 
axpariaantally by othar author* and ai'thamatl- 
cal  lolutiont »re available.    Thay ara t)»r«- 
fora ooimniant for ohaokine tha aoouraoy of 
tha IntorfcrooatrioBattiod in    heat transfer 
inTeitif.ation.    It  1»  »hown that tha oonsiatan- 
oy of tha  ra»ulti gained with thil aathod »none 
thanaelva» and th« auraanant  to  tha prariou» 
invastifation« are Tary food.    Ho «xtanaire 
inTastlgation» are known Tor the oth«r ih^pa» 
and »rran^aaant» and new Icnowledfe «a« dariTed 
frcn the intorferano« photos.    Thl» Icnowlodfe 
OAQ ba applied in tho field of aeronautio» to 
eoollng and  iiolatin^ probleme  ocnnaatad with 
th« handllnf, of  «paolal  fuel»,     VherMl  free 
oonveotlon data are uieful alia for the  »tudy 
of ooollnf, problem* in f;as turbina* and radial 'J 
flow phanunnr»  in turbo oaahinary.    Tho  rala- ji 
tiocihlp batinen the»« in di»cu*«od in detail i ' 
in a  »pealal »eotion« 
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